Nonfluorinated sulfonic acid membranes are a group of promising candidate materials for the commercialization of proton exchange membrane fuel cell ͑PEMFC͒ technology. However, one of the main obstacles is that the harsh fuel cell environment may originate different modes of degradation and aging processes that result in either chemical or morphological alteration in these membranes. The effect of peroxide radicals on PEM durability is of particular interest because a common feature of many hydrocarbon-based membranes is that the building block consists of sulfonic acid-substituted aromatic rings, which are much more sensitive to radical attack than the Teflon-like backbone in perfluorinated sulfonic acid type materials. In this work, we attempt to provide answers to the hydroxyl radical initiated durability issues at the PEM and electrocatalyst interface by analyzing the performance of two novel membranes, sulfonated poly͑arylene ether sulfone͒ and sulfonated poly͑ether ether͒ ketone, using a newly designed durability evaluation method under fuel cell-like conditions. This method is able to separate the membrane evaluation process into cathode and anode aspects. Under experimental conditions in this work, degradations in SPES-40 samples were found happening at the cathode ͑oxygen͒ side of the PEMFC. As proton exchange membrane fuel cell ͑PEMFC͒ technology approaches its commercialization stage, understanding long-term stability of the membrane electrode interface is of crucial importance. The durability of the proton exchange membranes ͑PEMs͒ is not well-documented. Most prior membrane stability studies were focused on the state-of-the-art fluorocarbon-based materials. To mention a few, perfluorinated sulfonic acid Nafion membrane was demonstrated to achieve longevity of over 60,000 h under fuel cell conditions; 1 partially fluorinated membranes based on trifluorostyrene and substituted trifluorostyrene copolymer composition, such as BAM 3G series ͑Ballard, Canada͒, were reported to sustain a stable functional life over 14,000 h at 80°C
As proton exchange membrane fuel cell ͑PEMFC͒ technology approaches its commercialization stage, understanding long-term stability of the membrane electrode interface is of crucial importance. The durability of the proton exchange membranes ͑PEMs͒ is not well-documented. Most prior membrane stability studies were focused on the state-of-the-art fluorocarbon-based materials. To mention a few, perfluorinated sulfonic acid Nafion membrane was demonstrated to achieve longevity of over 60,000 h under fuel cell conditions; 1 partially fluorinated membranes based on trifluorostyrene and substituted trifluorostyrene copolymer composition, such as BAM 3G series ͑Ballard, Canada͒, were reported to sustain a stable functional life over 14,000 h at 80°C
2 Such impressive durability of these fluorocarbon-based membranes can be attributed to their robust, Teflon-like backbone. Chemically the strength of the C-F bond is around 485 kJ mol −1 , higher than the dissociation energy of the C-H bond that is typically in the range of 350-435 kJ mol −1 . 3 All these previous reports must be qualified on the basis of the fact that these measurements were almost all conducted under steady-state conditions ͑either galvanostatic or potentiostatic mode͒. Recently, however, there is an increasing awareness that variation of parameters such as overpotential ͑under conditions of variable load and fuel starvation͒, start-up and shutdown, oxidant starvation, and transitions to lower relative humidity can severely effect the lifetime of perfluorinated membranes. Because these variables are closer to actual commercial operation, their relevance cannot be overemphasized. In this context several recent publications have pointed to serious interfacial degradation, most notably those where morphological changes to the membrane electrode assemblies are reported including dissolution of Pt 4 and alloying elements 5, 6 ͑from the cathode͒, and associate changes in membrane degradation ͑perfluori-nated membrane, Nafion͒, as well as irreversible changes to the reaction layer ͑catalyst layer͒, including catalyst migration and loss of hydrophobicity in the reaction zone. The exact role of the electrocatalyst dissolution ͑both Pt and alloying element͒ and the effect on the membrane still needs careful evaluation. It is well established that Pt dissolution increases with temperature ͑hence, its potential effects on elevated temperature membranes͒ and potential as pointed out recently. 4 However, its relative role in the overall membrane and interfacial degradation is dependent on operating conditions such as potential cycling, temperature, etc., a subject worthy of further study.
Despite the relatively high stability as well as other desirable properties, including good mechanical strength, high proton conductivity, etc., that have revolutionized PEMFC technology and enabled very high energy densities, perfluorinated membranes such as Nafion remain costly and have several limiting factors that restrict their application. In the context of fuel cell commercialization, where cutting costs is a fundamental driving force, good performance and long lifetime need to be accomplished with less expensive alternative membranes. Sulfonated nonfluorinated polyaromatic membranes, for example, represent one large group of promising and economically favorable candidate materials. The severe environment in PEMFCs can initiate various chemical or morphological alterations in the PEMs. One issue related to hydrocarbon-based polymers is mechanical failure due to uncontrolled swelling. Usually high sulfonation levels ͑therefore greater water uptake͒ are needed with these polyaromatic membranes to obtain comparable proton conductivities as to Nafion, because the acidity of the pendent perfluorosulfonic acid in the polymer electrolyte is much stronger than those typically encountered in hydrocarbon membranes such as the aryl sulfonic acid. 7 Under the circumstance of excessive swelling, irreversible deformation of the hydrophilic regions of the polymer may cause a marked decohesion and disentanglement of the polymer chains, 8 thus rendering the membranes soft and mechanically weak, eventually leading to membrane rupture. Such problems related to excessive swelling can be alleviated by enhancing the membrane strength through crosslinking or making composites with certain inorganic reinforcement. 9 Another factor of considerable importance in PEM performance is thermal and thermohydrolytic stability, particularly for those novel materials tailored for operation at elevated temperatures up to 150°C. Fortunately, it has been shown that most of the candidate sulfonic acid-bearing aromatic-based polymers, such as derivatives of the polyetheretherketone ͑PEEK͒, polyethersulfone ͑PES͒, polyphenylquinoxaline ͑PPQ͒, polybenzimidazole ͑PBI͒, and polyimide ͑PI͒ family etc., can survive at least 330°C under inert conditions and withstand 150-200°C in the harsh saturated water vapor conditions. 10 Thermal decomposition of these polymers has been found to occur primarily due to the desulfonation of the sulfonic acid side chains. 3, 8, 10 Albeit informative, these thermal stability studies can hardly be counted on to predict the long-term durability of these membranes in fuel cell conditions.
Of greater importance to the lifetime of a PEMFC is the chemical stability of the membrane under fuel cell operating conditions. It is widely accepted that in a working PEMFC, the most likely initiators of membrane chemical decomposition are hydroxy ͑HO•͒ and hydroperoxy ͑HOO•͒ radicals generated at the membrane-electrode interface. Both HO• and HOO• are very reactive with polymers and contribute to their degradation. Especially the hydroxyl radical, one of the most reactive chemical species known, has been found able to gradually break the perfluoro polymer chains of Nafion over long periods of time. 11 On the basis of experimental evidence, there are two viewpoints regarding the location of the radical-initiated membrane degradation. The first assumes that radicals such as HO• and HOO• are formed at the anode ͑H 2 ͒ side of the membrane electrode assembly ͑MEA͒ as a result of oxygen diffusion across the membrane from the cathode to the anode side, followed by incomplete reduction at the surface of the anode catalyst;
12-15 the other supports the cathode ͑O 2 ͒ side degradation mechanism, where oxygen reduction at the cathode proceeds through a peroxide intermediate −H 2 O 2 ͑i.e., two-electron reduction occurring in a parallel pathway to the four-electron reduction͒, which after reacting with trace metal ions in the membrane and/or carbon support results in the destructive hydroxyl radicals. [16] [17] [18] [19] A proper understanding of the membrane chemical deterioration in terms of its location in the context of electrode polarization conditions ͑overpotential͒, choice of electrocatalysts ͑extent of peroxide generated͒, and point of polymer chain scission are essential for designing and preparing novel membrane materials as well as preventing PEMFC degradation by selective precautionary measures. Experimentally two methods have been used in prior PEM degradation studies. One is referred to as the "Fenton test," in which the membranes of interest were put into Fenton's reagent ͑3% 
͓2͔
Although the Fenton test is straightforward and has been considered as a benchmark for PEM evaluation, it has inherent limitations. Deterioration of the membrane in such a test involves no electrode process and has nothing to do with variations in fuel cell operating conditions such as operating potential, relative humidity, fuel and oxidant starvation, etc. An alternative approach that has more practical relevance is to run a long-term fuel cell test and conduct postmortem analysis to study the changes in membrane properties. However, in a conventional sense, this method needs at a minimum hundreds of hours in order to obtain detectable degradation. Testing fuel cells for such lengthy periods of times is expensive and generally impractical; further, the stability of other fuel cell components could become the dominating source of performance degradation during such tests. Until now, only limited information concerning long-term durability of the sulfonated polyaromatic membranes in fuel cell operations was available.
In this work, we attempt to analyze the durability of the MEA from the perspective of radical-initiated chemical attack of the membrane. Extent of membrane degradation as a function of typical anode and cathode electrode polarization conditions is analyzed; in this context the critical factor involving the choice of electrocatalysts is also evaluated. Toward this goal, two different hydrocarbon membranes with similar aromatic backbone structures, i.e., sulfonated poly͑arylene ether sulfone͒ and sulfonated polyetheretherketone ͑SPEEK͒ are considered in conjunction with the conventional perfluorinated sulfonic acid polymer electrolyte ͑Nafion͒, which served as a control. A novel segmented cell is employed for durability characterization, which enables multiple working electrodes to be analyzed ͑on the same membrane͒ such that specific half-cell ͑anode and cathode͒ conditions and choice of electrocatalysts as well as overpotentials can be invoked under actual fuel cell operating environments. Use of this cell and pre-and postanalysis of the membrane with the aid of infrared spectroscopy, scanning electron microscope, intrinsic viscosity, four-probe proton conductivity, and correlation with measured peroxide yield of the corresponding supported electrocatalyst during oxygen reduction using a rotating ring disk electrode method are presented. The objective is to understand membrane degradation from the perspective of PEMFC electrode process, choice of electrocatalyst, and nature of polymer membrane chain scission ͑point of radical initiated attack͒ and overall polymer breakdown.
Experimental
Membrane preparation.-The sulfonated poly͑arylene ether sulfone͒ polymers ͑SPES-40, Scheme 1͒ in this work were prepared in-house in accordance with methodology described elsewhere; detailed synthesis conditions and membrane properties have been reported earlier. 7, 21 SPEEK ͑Scheme 2͒ polymers were prepared by sulfonation of PEEK ͑450 PF, Victrex͒ with concentrated sulfonic acid ͑98%, Fisher͒ at room temperature for 54 h according to method described in literature. 22 Membranes were obtained by casting filtered 10 wt % polymer in N-methylpyrrolidone ͑NMP͒ solution onto a clean glass substrate followed by drying in vacuum at 100°C for 48 h. Nafion 1135 membrane ͑Scheme 3͒ was bought from Ion Power, Inc. ͑Delaware, USA͒. Properties of these membranes are listed in Table I Nafion membrane was cleaned by boiling in 3% H 2 O 2 and 1 mol L −1 H 2 SO 4 , respectively, at 80°C for 2 h. SPES-40 and SPEEK membranes were boiled at 80°C in 1 M H 2 SO 4 for 2 h to ensure full protonation. After acid treatment, the membranes were washed in deionized water at 80°C for 1 h, then rinsed repeatedly and stored in deionized water.
Experimental apparatus.-Durability experiment was performed using a modified fuel cell hardware based on a "high throughput screening fuel cell assembly" ͑NuVant System, Inc., Illinois, USA͒.
23 Figure 1 shows the original look of the fuel cell assembly. Its key components include an electronically conducting flow field block and an electronically insulating array block on the opposite sides of the MEA. The array block has 25 sensors glued into the block; each sensor has a flow field side facing one of the testing spots on the array MEA and a pin jack on the other side used for electrical connection. Detailed descriptions of this device can be found in Ref. 23 The heating control and gas supplies to this fuel cell were built in-house. This enabled the cell to run at ambient pressure and constant temperature up to 50°C. Gases were passed through humidification bottles, which were kept at a temperature 20°C higher than that of the fuel cell in order to ensure the 100% humidification of the MEA.
The MEAs in this work were customized for the purpose of durability tests. As shown in Fig. 2 , the MEA was comprised of a single piece membrane of interest with a size of approximately 11 ϫ 11 cm. Attached to one side of the membrane was a common counter electrode, similar to that in the NuVant array MEA. 23 On the other side, the testing area of the MEA was divided into five testing units. Each unit comprised of a strip of electrode as the working electrode, and two disk electrodes for configuring the reference electrode. This design enabled simultaneous evaluation of five samples under the same operating conditions. A four-channel potentiostat/ galvanostat ͑Arbin Instruments, Texas, model BT2000͒ was used for polarization of the individual working electrodes. Basic membrane properties such as ion exchange capacity ͑Table I͒ were measured according to procedures described in detail elsewhere. 24 Durability test design criteria.-In prior publications concerning the susceptibility of PEMs to radical-initiated chemical attack, fuel cell experiments performed with either single-cell or multicell stack played an important role. These extended life testings reflected the combined impact from various factors ͑fuel cell component configuration, MEA fabrication, operating conditions, thermal and load cycles, impurities, and uniformity, etc.͒ on the lifetime of the membrane. The interplay of these factors lead to inevitable difficulties in interpreting and reproducing the data and inability to assign the observed membrane failure to one particular factor without taking other possible triggers and/or enhancers into account. From this point of view, the membrane durability test was designed in such a way so as to enable easier data interpretation. For the purpose of this work ͑i.e., understanding the radical-induced membrane degradation in fuel cell operation͒, two types of durability tests were tailored for examining the proposed mechanisms, respectively. Anode side durability test.-The "anode ͑hydrogen͒ side degradation mechanism" 12 proposed is based on the premise that during fuel cell operation, molecular O 2 permeates through the membrane and reacts with atomic hydrogen chemisorbed on the surface of the anode platinum catalyst, thus producing radicals which in conjunction with traces of transition metal ions ͓Fe 2+ , Cu 2+ . . . found in MEA and/or catalyst support ͑carbon black͔͒ to produce free radicals. The possible reactions involved in this mechanism are 12 H 2 → 2H· ͑on Pt or Pt/M catalyst͒ ͓ 3͔
H· + O 2 ͑diffused from cathode side͒ → HOO· ͓4͔
This proposed mechanism has been suggested on the basis of tests in regular fuel cell setups under open-circuit potential ͑OCP͒ conditions in early publications. 15, 25 However, it has been pointed out that a parallel possibility under OCP condition, i.e., reactions between O 2 and crossover H 2 on the cathode catalyst surface, may also generate radicals; 25 therefore, what happened on the cathode side is not negligible in the data interpretation. Another earlier attempt to understand the extent of this mechanism involved providing the electrolyte/catalyst interface a predominantly H 2 environment consisting of a small amount of O 2 . For example, to induce degradation of water-soluble polystyrenesulfonic acid ͓used as a model compound for hydrated polystyrenesulfonic acid ͑PSSA͒ membrane͔, Hodgdon et al. 26 purged hydrogen gas containing 5% oxygen through a PSSA polymer solution at the rate of 1.5 cm 3 s −1 in the presence of platinized platinum. Clearly, this method deviated from fuel cell configuration; also it failed to mirror the O 2 crossover behavior, because O 2 permeability through a membrane changes dramatically with the chemistry of the polymer as well as temperature and hydration. 27, 28 In order to investigate this mechanism under fuel cell-like conditions in the absence of interference from reactions of O 2 with crossover hydrogen, our approach involved conducting tests in the The reference electrode during the cathode side durability experiment was operated as a dynamic hydrogen electrode. In this arrangement, the electrode tip with hydrogen evolution was used as the reference and was the one closest to the working electrode. aforementioned fuel cell device running with pure hydrogen and pure oxygen ͑in a normal fuel cell mode͒ at ambient pressure. As shown in Fig. 3a , humidified hydrogen was passed through the catalyzed working electrode and reference electrode side of the MEA, and humidified oxygen was passed through the noncatalyzed counter electrode side. After full humidification of the MEA ͑on reaching equilibrium conditions͒, the working electrodes were either held at the usual anode potential of the PEMFC ͓0.1-0.2 V, vs a reference hydrogen electrode ͑RHE͔͒ or left in OCP condition for a certain period of time. After the test, membranes in contact with the working electrodes were detached for postmortem analysis. The results were then compared with the corresponding properties of the membrane before the test.
Cathode side durability test.-Some recent publications [16] [17] [18] [19] 29 have suggested that the vulnerable location to radical attack in an MEA is at the cathode ͑oxygen͒ side. This mechanism is based on the preposition that oxygen reduction reaction ͑ORR͒ at the cathode of the PEMFC proceeds via a parallel pathway where a two-electron reduction of oxygen occurs simultaneously with formation of H ͔. Apparently the challenge in this cathode durability test is in situ electrochemical generation of hydrogen peroxide at the polymer/catalyst interface. With liquid electrolytes, study of ORR and yield of peroxides on the catalyst surface is measured by the conventional rotating ring-disk electrode ͑RRDE͒ method: the ORR takes place on the central disk electrode and the H 2 O 2 generated is detected by the concentric ring electrode ͑Au ring͒. In our case of solid electrolyte membrane, the cathodic ORR process is investigated by a half-cell configuration in similar lines to the corresponding anode side test. While the amount of H 2 O 2 generated cannot be determined quantitatively in the fuel cell experiment, correlation with values measured for the corresponding electrocatalysts using an RRDE experiment can used to interpret the extent of membrane damage. Figure 3b shows our cathode durability test arrangement. The cell was operated on pure oxygen and pure nitrogen at ambient pressure. Humidified oxygen was passed through the working and reference electrode side of the cell; humidified nitrogen, which is inert and therefore only functions to hydrate the MEA, was passed through the counter electrode side. The reference electrode used was a solid-state dynamic hydrogen electrode ͑DHE͒, 32 which was constructed by connecting two disk electrodes ͑E-TEK 30% Pt/C electrode͒ in series with a 9-V battery and a resistor. After the full hydration of the MEA, the potential of the working electrodes was held ͑vs DHE͒ at 0.4-0.5 V, which is the lower limit of the working potential of the PEMFC cathode, for the same period of time as in the anode durability tests. Pre-and post-test analysis of the membrane in contact with the working electrode was conducted in similar lines to those in the anode durability experiment described in the earlier section.
MEA fabrication.-Working electrodes were selected from a commercial 20 %Pt/C electrode ͑E-TEK, a division of De Nora, Somerset, NJ͒ or 20% PtCo/C and 20% PtFe/C electrocatalysts prepared in-house at Northeastern University ͑see Ref. 33 for details on methods used for preparation and electrocatalytic activity͒. Material for the reference electrode was 30%Pt/C electrode ͑E-TEK͒. The counter electrode for anode side durability testing was noncatalyzed carbon gas diffusion electrode ͑E-TEK͒. For the cathode degradation test a thin platinum foil ͑0.025 mm thick͒ was used.
To prepare the 20% PtCo and 20% PtFe electrodes, a mixture of appropriated amount of the catalyst powder, 5 wt % ionomer ͑the same as the testing membrane͒ in NMP solution and water were blended ultrasonically for 30 min. Electrode loading was kept constant at 0.4 mg/cm 2 . The resulting catalyst ink was then brushed on the carbon gas diffusion electrode ͑commercial electrode, singlesided ELAT, E-TEK͒. The electrodes were dried in a vacuum oven at 60°C overnight. For electrodes obtained from commercial vendors, a thin layer of corresponding ionomer was painted before the experiment by brushing 5 wt % ionomer in NMP solution on the electrode surface and then drying in the oven. Typical loading of ionomer in all electrodes was in the range of 0.9-1.0 mg/cm 2 . The MEAs were prepared by hot-pressing the electrodes to the polymer membrane according to procedures described in detail earlier. 34, 35 Characterization techniques.-After the durability experiment, the MEA was uninstalled from the cell, and the working electrode portions were carefully cut off from the MEA with the appropriate working electrode side carefully labeled. The samples were then dipped in anhydrous ethanol so as to enable peeling of the electrodes from the membrane. The membrane samples so obtained, typically 1 ϫ 5 cm, were then washed thoroughly with deionized water before analysis.
Fourier transform infrared spectroscopy.-Fourier transform infrared spectroscopy ͑FTIR͒ is a handy, nondestructive technique to probe changes in membrane chemistry due to degradation, utilized in prior PEM stability studies. 13, 15, 17 In this work, infrared spectra, in collaboration with other measurements, played an important role in revealing the chemical mechanisms underlying degradation. All FTIR spectra were recorded with a Nicolet Magna 860 spectrometer equipped with a microscope. Due to the thickness of the sample, attenuated total reflection ͑ATR͒ mode was employed instead of transmission mode. For measurement, the dried sample ͑24 h in vacuum at 60°C͒ was pressed against a 45°ZeSe ATR crystal with the help of a force-sensing pressure applicator. This pressure applicator was equipped with an adjustable arm to easily deliver repeatable and reproducible contact pressures. All spectra were collected from 64 scans at 4-cm −1 resolution. Dry nitrogen gas was purged around the sample during the measurement to eliminate moisture in the air. Peak heights in the spectra were determined using the baseline method 36 with Omnic 6.1 software. Half-cell design of anode and cathode side durability test. In the anode side test, the cell was run as a normal PEMFC; however, the counter electrode ͑oxygen electrode͒ was a standard carbon noncatalyzed gas diffusion layer. The reference in the working electrode side was a standard Pt ͑E-TEK, 20% Pt/C, 0.4 mg/cm 2 ͒ electrode nearest to the working electrode serving as a standard hydrogen electrode under hydrogen flow. In the cathode side durability setup, the cell was operated with the counter electrode ͑a standard Pt foil electrode͒ subjected to fully humidified N 2 flow. The reference electrode in this case was a dynamic hydrogen electrode. Working electrodes were a combination of Pt/C, PtCo/C, and PtFe/C.
Conductivity measurement.-Proton conductivities were determined from the water-vapor-equilibrated membrane samples at 30°C using a four-probe conductivity cell setup described in our prior publication. 24 Measurements were carried out with a digital potentiostat/galvanostat ͑Autolab model PGSTAT30 equipped with FRA model, Ecochemie B.V.͒.
Intrinsic viscosity measurement.-The viscosity of a dilute polymer solution measured in a specific solvent is related to the molecular weight by the Mark-Houwink equation ͓͔ = KM v a , where M v is the viscosity average molecular weight, and K and a are Mark-Houwink constants that depend upon the type of polymer, solvent, and the temperature of the viscosity measurements. Intrinsic viscosity is chosen as a qualitative parameter of the molecular weight of the membranes in this work, because gel permeation chromatography has been found ineffective in acquiring the molecular weight of sulfonated polyether sulfone copolymer. 21 Intrinsic viscosities ͓͔ of the membranes were determined according to the single point method developed by Solomon and Ciuta. 37 The Solomon-Ciuta equation for ͓͔ is
where sp and rel are the specific and the relative viscosity, respectively, and C is the concentration of the polymer solution. The measurements were conducted using a Ubbelohde viscometer in a 25°C water bath, using 1% lithium bromide in NMP ͑1% LiBr/NMP͒ as the solvent.
The Fenton test.-Fenton testing was performed with SPES-40, SPEEK, and Nafion 1135 membranes. Prior to the experiment, the membrane was cleaned and converted to acid form followed by drying in a vacuum oven at 60°C for 12 h. The initial dry membrane sample weight was first measured and recorded, the sample was next soaked in a beaker containing 50 mL of 3% H 2 O 2 aqueous solution ͑68°C, with stirring͒, then enough ferrous ammonium sulfate ͓Fe͑NH 4 ͒ 2 ͑SO 4 ͒ 2 ·6H 2 O͔ was added to the 68°C H 2 O 2 solution to yield a peroxide solution containing 4 ppm Fe 2+ ͑Fenton's reagent͒. After a fixed time interval the membrane samples were removed from the solution and washed in deionized water in order to quench the degradation reaction, followed by drying at 60°C for 12 h prior to weighing.
Results and Discussion
Role of the Fenton test in the PEM chemical stability study.-Fenton tests were performed for all three membranes. The degradation rates of SPES-40 and SPEEK were found to be significantly higher, as indicated by the loss in mass following the test. After 30 min of testing, the weight loss reached 11% for SPES-40 and 8% for SPEEK, and their intrinsic viscosities decreased to 52 and 49% of the original value, respectively. After 1 h stirring in Fenton's reagent at 68°C, both SPES-40 and SPEEK membranes broke down completely into dark, powder-like pieces. In contrast, the Nafion membrane remained intact and in reasonably good mechanical shape after 24 h of testing.
The performances of SPES-40 and SPEEK membranes in the Fenton test were apparently unsatisfactory, but to judge these materials as unsuitable for fuel cell application is harsh and does not provide any avenues for modifications. Even though the Fenton test method has been widely employed for chemical stability study of PEMs, its applicability and reliability deserves discussion. This test exposed the membrane to an unrealistic amount of radicals; it overlooks the membrane/electrode interaction, effect of reactant gas, heating cycles, and mechanical pressure, etc., all factors involved in the comprehensive chemical degradation process of the membrane under actual fuel cell operation. It has been reported that some hydrocarbon-based membranes, such as polybenzimidazoles, cannot survive the Fenton test at all, but have a fuel cell lifetime of over 5000 h at 150°C under continuous operation. 38 For these reasons, we think that the Fenton test could still act as a fast preview, but more sophisticated durability testing on the membrane of interest is indispensable.
Effect of radical-initiated degradation on membrane
properties.-Before a systematic investigation, it is important to determine a proper testing duration for our durability experiments to enable proper diagnosis and prediction of long-term reliability of the membrane. After several trial runs, we found that a period of 72 h is a good measure from the perspective of the current polymers under consideration. The time frame of 72 h allowed for significant reproducible changes in the hydrocarbon membranes without seriously compromising the mechanical integrity of the membrane. As a result, in this work the membrane characteristics after 72 h of durability testing were chosen as a reference point for comparing the performance of the membranes. At the end of each durability test, the membrane was carefully separated from the electrodes; the changes in its chemical structure, proton conductivity, intrinsic viscosity, and surface morphology were monitored in order to estimate the extent of degradation. A representative analysis of the membranes before and after a durability test is shown in Table II and discussed as follows.
The results in Table II were obtained from cathode side degradation tests with three parallel samples operated at 0.4 V ͑WE vs DHE͒, 50°C cell temperature, and 1 atm pressure conditions, using 20% PtFe/C as the working electrode for 72 h. Figure 4a compares Figure 4 . IR spectrums of SPES-40 before and after cathode side degradation tests with three parallel samples operated at 0.4 V ͑WE vs DHE͒, 50°C cell temperature and 1-atm pressure conditions, using 20% PtFe/C as the working electrode for 72 h. ͑a͒ The full spectrum, before and after. ͑b͒ An expanded view of the spectrum showing the peak position for diphenyl ether band ͑1005 cm −1 ͒, which remains unchanged, while the frequency of sulfonate symmetric stretching shifts from 1022 to 1024 cm −1 . The changes in the peak heights before and after testing are also shown For example, the s ͑SO 3 − ͒ band in the sodium-form SPES-40 has been reported to be at 1030 cm −1 . 7 In this study, because we dealt with the dehydrated acid form ͑H-form͒ of SPES-40 membranes, this band appears at a lower frequency ͑1022 cm −1 ͒. As can be seen more clearly in Fig. 4b , in the FTIR spectra of degraded SPES-40, the peak position for the diphenyl ether band ͑1005 cm −1 ͒ remains unchanged, while the frequency of sulfonate symmetric stretching shifts from 1022 to 1024 cm −1 . In addition, the peak height ratio of these two vibrations ͑H ͑Ph−O−Ph͒ /H s͑SO 3 − ͒ ͒ decreased to 0.824 ͑af-ter test͒, compared to H ͑Ph−O−Ph͒ /H s͑SO 3 − ͒ = 1.28 in the initial sample ͑Table II͒.
The lowering of the ͑Ph-O-Ph͒ intensity in the tested SPES-40 sample suggested a likely breaking of ether link between two aromatic rings in certain blocks of the polymer chain due to radical attack. Further evidence confirming the decomposition of SPES-40 is given by the reduced intrinsic viscosity resulting from a concomitant lowering of molecular weight in the tested sample, as shown in Table II . This has been predicted in a prior research by Hubner and Roduner. 42 In their work, several sulfonated aromatics were chosen as model compounds for sulfonated membrane based on polystryrene, PES, and PEEK. Those model compounds were put in photolysis-generated hydroxyl radical solutions, and the products of hydroxyl radical with these model compounds were identified by EPR. Their results indicated that for a sulfonated polystyrene-based membrane the dominant reaction point of the attack of HO• radical is at the aromatic rings, particularly at the labile benzylic ␣-H positions, 42 which is in good agreement with some earlier PEM stability studies with polystyrene-type membranes such as PSSA, 26 partly fluorinated membranes like the trifluorostyrene-containing RAYMION 14 membranes, and those based on fluorine backbone copolymers grafted with PSSA ͓ethylene-tetrafluoroethylene ͑ETFE͒ or fluorinated ethylene propylene ͑FEP͒-g-sulfonated polysulfone ͑SPS͒ type͔. 13 For polymers containing phenoxybenzene ether bridges, such as in sulfonated PES and poly͑etherketone͒ ͑PEK͒-type membranes, Hubner et al. selected paramethoxybenzenesulfonic acid as the model compound and proposed that the dominating reaction is the addition of HO• to the aromatic rings, preferentially in the ortho position to the ether linkage, due to the effect of ortho activation by RO-substitutions in electrophilic addition reactions. 42 The loss of -OCH 3 from the methoxysubstituted compound probably initiated by ipso-substitution of HO• is of relevance for the possible bond breaking in the ether linkages in polymers containing phenoxybenzene ether bridges like PES or PEK. 42 According suggestions based on this prior EPR study 42 as well as our experimental results from FTIR and viscosity experiments, we believe that in the case of SPES-40 membrane, the strong electronwithdrawing nature of sulfone ͑OvSvO͒ and pendent sulfonate groups ͑SO 3 − ͒ decreases the electron densities of nearby aromatic rings, hence stabilizing them from the electrophilic attack by radicals; therefore, the most sensitive sites for hydroxyl radical attack are the positions of the aromatic ring next to the ether bridge, as shown in Scheme 4.
After the addition of HO• to the sensitive sites, the ultimate scission of the ether link may be caused by ipso-attack of HO• to the -OR group, due to the activating effect of hydroxyl substituent in the ortho position to -OR ͑Scheme 5͒. Another possibility is the direct ipso-attack of HO• to the RO-groups of SPES-40 without the addition of HO• to sensitive spots in its chain ͑Scheme 6͒. These two proposed degradation routes are shown below For the hydroxyl radical-initiated degradation of PES-and PEKtype membranes, Hubner and Roduner also predicted that the fission of Ph-O-Ph linkage in these polymers may be avoided at acidic environment, because in their experiments with MSA the resulting phenoxyl radical due to loss of OCH 3 was not observed at pH Ͻ 5 due to the expected deactivation of MSA by the electronwithdrawing SO 3 − group. 42 This seems in contrast to the observed decomposition of SPES-40 ͑pK a = −2.04 24 ͒ in our work. We believe that due to the presence of the para-directed activation of the benzene group in the building block, the electrophilic reactions of HO• with the -O-Ph-Ph-O-blocks of the H-form SPES-40 polymer results in the fission of ether linkage. In fact, ipso-substitutions of the OCH 3 groups in different substituted methoxy compounds by HO• radicals as observed with MSA are well known. [43] [44] [45] [46] The same mechanism was proposed for phenoxy phenols like thyronines, where the rupture of the diphenyl ether link occurred. 45 An analogous degradation mechanism may be applied to the SPEEK membrane. As can be noticed in the FTIR spectrums of blank and degraded SPEEK samples ͑Fig. 5͒ obtained from a similar degradation test as SPES-40, the apparent decrease in the absorption at 1010 cm −1 ͑assigned to p-substituted aryl ether. 47, 48 ͒ and lowering in intrinsic viscosity ͑Table II͒ also indicate the possible cleavage of ether bridges in the building block, which is in accordance with the predicted mechanism for sulfonated PEK polymers. 42 The shifting in s͑SO 3 − ͒ peak to slightly higher frequency may be attributed to a modest contamination of membrane by counter ions, because minor impurities from the gas diffusion electrodes, humidification system, or fuel cell hardware are inevitable in the fuel cell operation. These metal ions usually have stronger affinity with the sulfonic acid group as compared to that of H + . 49 It was demonstrated that foreign cations incorporated in the perfluorinated sulfonic acid membrane have less than one-fourth of the mobility as compared with H + . 49 This may be used to explain the decrease of proton conductivity in the degraded SPES-40 sample, as shown in Table II . Nevertheless, proton conductivity of the PEM is also affected by the chemical nature of the polymer backbone, as well as parameters such as polymer molecular weight, molecular weight distribution, and micromorphology of the membrane. 8 For example, Bai et al. 50 recently reported the effect of molecular weight ͑Mw͒ on the proton conductivity of sulfonated poly͑arylene thioether͒ sulfone polymers, in which higher Mw membrane has proton conductivity of 0.42 S cm −1 , while that for lower Mw polymer drops to 0.3 S cm −1 . Therefore, impact from membrane chemistry alteration on the proton conductivity of the membrane cannot be ruled out.
From the above analysis, it is clear that the intrinsic viscosity and proton conductivity properties are good parameters for monitoring the extent of membrane degradation after the durability test. The FTIR peak height ratio ͑H ͑Ph−O−Ph͒ /H s͑SO 3 − ͒ ͒ can be used as a reference as well, but we are aware that an accurate quantitative analysis based on the IR spectrum of these polymers is difficult in the absence of a proper "internal standard." 36 Other characterization techniques such as NMR and Raman spectroscopy were also tried, but no useful information could be deduced. For these, systematic analysis using model compounds would be necessary. Figure 6 compares the scanning electron microscopy ͑SEM͒ pictures of SPES-40 membranes before and after the above-mentioned durability test. The suspected radical-initiated degradation caused significant membrane surface morphological alteration in SPES-40. This is further confirmed by the SEM images in Fig. 7 , where a comparison is made with a membrane ͑pretest sample͒ before hot pressing and after removal of electrode using our peeling methodology. It is evident from this comparison that sample processing procedures ͑MEA hot-pressing before the test, and peeling off from the electrode after the test͒ in our durability experiments were not responsible for the observed alterations in morphology. The embrittlement of the tested sample can be ascribed to the fine cracks that are observed in the lower resolution image in Fig. 6 .
Similar durability experiments were also performed with Nafion 1135 samples. As expected, no significant changes in membrane proton conductivity ͑see Table II͒ and FTIR spectrums ͑not shown here͒ were observed after such a short period ͑72 h͒ of testing. Although Nafion-type perfluorinated sulfonic acid polymer has demonstrated stable performance ͑lifetime up to 60,000 h͒ in fuel cell applications, prior research found evidence of membrane thinning and fluoride ion release via detection in the product water after long-term operation, which indicates that the polymer may undergo certain chemical decomposition. 51, 52 It is thought that radicals can attack the H-containing terminal bonds ͑-CF 2 COOH͒ that are formed during membrane manufacturing process; 53 moreover, mechanical failures were ascribed to such fluoride loss in Nafion-type membranes. The fluoride loss rate is considered an excellent mea- Figure 5 . Comparison of the FTIR spectrums for blank and degraded SPEEK samples using the same testing condition as applied for the SPES-40 membrane sample shown in Fig. 4 . Briefly, it involved cathode side degradation tests with three parallel samples operated at 0.4 V ͑WE vs DHE͒, 50°C cell temperature and 1 atm pressure conditions, using 20% PtFe/C as the working electrode for 72 h. sure of the health and life expectancy of the membrane. 51 However, the fluoride loss can influence the Nafion stability only after longer periods of time ͑hundreds to thousands of hours A corresponding SEM analysis of the membrane after 72 h of anode side durability tests exhibited minor changes ͑cracks, etc.͒ as compared to those shown in Fig. 6 , corresponding to cathode side durability. Because the effects of associated stresses were the same in both cases, we feel that the observed cracks were primarily caused by peroxide-initiated radical attack. However, we do agree that these hydrocarbon membranes by virtue of their higher water uptake are more susceptible to stress-related failures.
Based on the present results, the likely modes of radical-initiated decomposition in the samples were proposed. However, a detailed degradation mechanism cannot be clarified until the radical species and decomposition products of the polymers are identified. Advanced experimental setup and more sophisticated detection methodologies, including in situ radical-sensing and ex situ chemical analysis such as release water monitoring, have to be undertaken in the future. Table  IV shows the data of the cathode side degradation tests with SPES-40 and Nafion 1135 membranes at ambient pressure, cell temperature 30 and 50°C with fully humidified O 2 /N 2 . The membrane samples were obtained after holding the potential of the working electrodes in the MEA at 0.4 and 0.5 V vs DHE for 72 h. To investigate the effect of various electrocatalysts on the stability of the membrane at the membrane/electrocatalyst interface, three types of working electrodes including 20%Pt/C, 20%PtCo/C, and 20%PtFe/C were employed. The intrinsic viscosities and proton conductivities of the membranes were measured before and after the degradation test. The changes ͑in percentage͒ comparing pre-and post-treated samples were used as quantitative references to indicate the extent of degradation due to the tests. The results are summarized in Table IV indicate the following: ͑i͒ degradation of the SPES-40 samples are more serious in the tests operated at 0.4 V as compared to 0.5 V; ͑ii͒ the SPES-40 samples in contact with 20%PtFe/C during the durability test show more degradation than with 20% Pt/C and 20% PtCo/Cworking electrodes; ͑iii͒ SPES-40 samples obtained from the tests at 50°C degraded more than those at 30°C; ͑iv͒ no detectable degradation occurred in Nafion 1135 membranes.
Comparison of cathode and anode side durability tests.-
In these "cathode side" durability tests, selection of the experimental conditions, i.e., the polarization voltages and the materials for working electrodes, were inspired by our earlier study, 33 wherein the peroxide yields ͑during ORR͒ from Pt/C and select Pt alloy/C electrocatalysts were compared in a liquid electrolyte interface. It is generally believed that in the platinum-catalyzed ORR at the cathode of the fuel cell, the reduction of O 2 to H 2 O by a four-electron charge transfer proceeds with the rate-determining step involving protonation of O 2 ; the secondary reaction is a parallel reduction to H 2 O through a two-electron step, leading to an intermediate product-H 2 O 2 in acidic media. 54 The formation of relative amounts of H 2 O 2 and H 2 O can be determined quantitatively with the classical RRDE experiment by holding the potential of the ring at a constant potential where the H 2 O 2 formed on the disk during oxygen reduction is readily reduced on the ring. Table V shows the comparison of peroxide yields measured at a gold ring polarized at 1.5 V vs RHE with a rotation rate of 1225 rpm. The corresponding disk electrode polarization potential used was 0.7 V. As shown in Table V , with 1 M trifluoromethane sulfonic acid ͑TFMSA͒ concentration, Pt and Pt alloy electrocatalysts exhibit smaller differences in peroxide yields as compared to corresponding values at 6 M concentration. Data in 1 M concentration is akin to a fully humidified interface in a PEMFC. However, any transition to lower humidity at the interface was simulated approximately with higher concentration of TFMSA ͑6 M͒, where the magnitude of ͑no. moles of water/ mol of SO 3 − ͒ is 5 instead of 50 for a 1 M concentration. At 6 M concentration the peroxide yields ͑mole fraction͒ are several fold higher and choice of electrocatalysts makes a bigger impact, with PtFe/C, exhibiting the highest yield followed by Pt/C and PtCo/C. The relatively smaller increase in peroxide yield for PtCo/C when transitioning from 1 to 6 M concentration is significant from its potential benefit as a choice for cathode electrocatalysts. The effect of choice of electrocatalysts is exemplified in Fig. 8 , which shows the currents obtained on a gold ring electrode during oxygen reduction with several electrocatalysts in 6 M CF 3 SO 3 H TFMSA at 1225 rpm. 33 The choice of TFMSA, especially 6 M concentration, therefore accentuates the differences in peroxide yields as a function of choice of electrocatalysts. As reported previously by us, TFMSA enables variation of water activity at the electrocatalyst-electrolyte interface with significantly lower interference from concomitant anion adsorption problems. The use of such comparison of ring currents as shown in Fig. 8 is to provide a qualitative benchmark for results obtained using the segmented half-cell arrangement used in this investigation. It is important to note that the observed degradation at the cathode as shown in Table IV , in terms of both the changes in intrinsic viscosity as well as proton conductivity, shows the same trend as observed with the peroxide yield measurement with 1 M TFMSA ͑Table V͒. Here the alloys exhibit a slightly higher ͑with PtFe/C being the highest͒ level of peroxide yield at 0.7 V vs RHE. The same is true for membrane degradation under analogous fully humidified conditions at 50°C using our segmented half-cell simulating cathode side degradation. Values at 6 M TFMSA concentration ͑Table VI and Fig. 8͒ , however, point to the possibility of enhanced degradation if water activity at the electrode-polymer electrolyte interface is lowered ͑as roughly simulated using 6 M TFMSA͒. Such a possibility can be envisioned on the basis of various operating scenarios for a practical PEMFC. In addition, the observed maximum in peroxide generation at 0.3-0.4 V vs RHE, as seen in Fig. 8 , corresponds well with the results of cathode side membrane degradation testing in the segmented cell. Here, the SPES-40 membrane tested at 0.4 V shows more evidence of degradation than at 0.5 V. This makes the cathode side durability test performed at 0.4 V a genuine "accelerated" mode in PEM stability characterization. Moreover, according to the experimental facts, increasing the testing temperature and choosing high peroxide yield electrocatalyst, such as 20%PtFe/C, help to stimulate the interfacial peroxide formation, therefore reducing the time necessary for detectable degradation in the membrane of interest.
Further, as shown in Fig. 8 , the ring currents are negligible in the potential region above 0.75 V vs RHE, indicating that the reduction of oxygen proceeds almost completely by a four-electron transfer above this potential, which is relevant for the operating potential of fuel cell cathodes. This is important with regard to the interfacial stability of the MEA, especially in the case of discontinuous fuel cell operation in which considerable voltage fluctuations take place frequently. Table VI shows the data of the anode side degradation tests for SPES-40 and Nafion 1135 membrane at ambient pressure, cell temperature 30 or 50°C with fully humidified H 2 /O 2 . The membrane samples were obtained in two types of conditions: ͑i͒ holding the potential of the working electrodes in the MEA at 0.1 V for 72 h and ͑ii͒ in open-circuit voltage ͑OCV͒ condition for 72 h. The same types of working electrodes as the cathode side tests were used. Under given experimental conditions, no significant degradation in SPES-40 and Nafion 1135 samples were detected. The slight drop of proton conductivity found in the tested sample is probably due to minor contamination by metal ions during the experiment. This is in agreement with the IR spectra of tested SPES-40, in which the band of sulfonate group s ͑SO 3 − ͒ shifts to a higher frequency ͑from initial 1022 to 1023 cm −1 ͒. No significant degradation in our anode side durability tests may be attributed to the short testing time ͑72 h͒ compared to at least several hundreds of hours applied in early PEM durability study in long-term fuel cell testing. In addition, the relatively low oxygen permeation rates 55 ͑see Table V of Ref. 55͒ of SPES-40 may also play a role. In a prior long-term fuel cell performance study on radiation-grafted FEP-g-polystyrene-type membranes, Buchi et al. 13 reported that the rate of radical-initiated degradation increases with increasing gas crossover. They also claimed that gas crossover is a prominent factor for the degradation process, especially under OCV conditions; however, whether oxygen or hydrogen crossover is the predominant contributor could not be ascertained in their regular fuel cell setup. 13 In our case, the suspected formation of radicals due to hydrogen crossover to the cathode side may be eliminated as a source of peroxides at the cathode, because no platinum electrocatalysts were presented in the O 2 side of our experimental setup.
The present results, however, cannot rule out the possible occurrence of degradation at the anode side in longer testing periods. More research needs to be done in the future.
Conclusions
In this work the issue of radical-initiated membrane degradation at the electrocatalyst/electrolyte interface in PEMFCs was studied by means of a newly designed durability test method. This method is able to separate the membrane evaluation process into cathode and anode electrode specific processes so that two formerly proposed PEM degradation mechanisms can be evaluated separately without interference. Under experimental conditions ͑30-50°C, 1 atm, testing duration of 72 h͒, deterioration in SPES-40 samples was observed primarily at the cathode side, particularly at 0.4 V vs DHE; PtFe/C initiated more serious deterioration than PtCo/C and Pt/C. This sensitivity of peroxide-originated PEM degradation with choice of operating voltage, temperature, relative humidity, and electrocatalyst has the potential of major impact on interfacial stability, especially for the application of nonfluorinated membranes and novel electrocatalysts in PEMFCs, especially those devices running in discontinuous mode. No significant membrane degradation was found in the anode side durability test under similar conditions as the cathode side test.
